Summary Among shoots of Fraxinus angustifolia Vahl raised in vitro, 76% rooted after culture on root induction medium for 5 days in darkness followed by culture on root expression medium for 15 days in light. The addition of 20.7 µM indole-butyric acid (IBA) to the root induction medium did not significantly increase the rooting percentage (88%). Putrescine, spermidine, cyclohexylamine (CHA) and aminoguanidine (AG) enhanced rooting up to 100% (98.66% for AG), when applied during root induction in the absence of IBA, otherwise these compounds inhibited rooting, as did spermine and difluoromethylornithine (DFMO) + difluoromethylarginine (DFMA). The root induction phase was characterized by a temporary increase in endogenous free indole-acetic acid (IAA) and putrescine concentrations during root induction, whereas the root expression phase was characterized by increased peroxidase activity and low concentrations of polyamines. These changes were specifically associated with the rooting process and did not depend on the presence of exogenous IBA, because application of exogenous IBA enhanced the amount of IAA in the cuttings but did not affect rooting or the pattern of changes in polyamines and peroxidase. The effects of CHA, AG and DFMO + DFMA on endogenous concentrations of auxins and polyamines highlight the close relationship between the effects of IAA and putrescine in root induction and suggest that polyamine catabolism has an important role in root formation and elongation.
Introduction
Vegetative propagation of selected clones is of crucial importance for the improvement of many horticultural, agricultural and forestry species (Hartmann et al. 1990) . Adventitious root formation is a key step in vegetative propagation and difficulties associated with rooting of cuttings frequently result in significant economic losses (De Klerk et al. 1999) . Recently, considerable progress has been made in understanding rooting by characterizing it as a developmental process consisting of a series of successive and interdependent phases, each showing specific physiological and environmental requirements (De Klerk 1996 , Hausman et al. 1995a . Nevertheless, few studies (Hausman et al. 1995a , 1995b , Heloir et al. 1996 , Faivre-Rampant et al. 2000 have investigated interactions among factors potentially involved in rooting during the different process phases, and most of the physiological studies have focused only on the root inductive phase (Hausman et al. , 1995a (Hausman et al. , 1995b . Consequently, a detailed knowledge of the various factors involved in the later stages of rooting is still lacking. Moreover, many of the plant model systems that have been used are auxin-dependent rooting models. In these model systems, auxin-treated, rooting material is compared with untreated, non-rooting material. These experimental systems often give ambiguous information, because it is difficult to distinguish physiological changes specifically associated with rooting from those simply resulting from exogenous auxin application.
Other model rooting systems are potentially more informative and less misleading in understanding rooting phenomena. Among these, there are the model systems that compare genetically uniform materials showing antithetic rooting capacities when subjected to the same inducing treatment. Such model systems are particularly useful for understanding the genetic and physiological bases of recalcitrance to root. They have been used to investigate loss of rooting competence in relation to maturation and phase change in several woody species (Geneve et al. 1988 , Diaz-Sala et al. 1996 , Blazkova et al. 1997 , Ballester et al. 1999 .
Other suitable experimental systems, here termed "auxinindependent rooting models," are those based on comparison between auxin-treated rooting material and untreated rooting material. Auxin-independent rooting models can be used to distinguish between physiological and molecular changes specific to rooting and auxin-dependent changes that are unrelated to rooting.
We used an auxin-independent rooting model system to study changes in auxins, polyamines and peroxidase activity during in vitro rooting of IBA-treated and untreated Fraxinus angustifolia Vahl shoots. We also determined the effects of exogenous polyamines and their inhibitors on rooting of shoots in the presence and absence of IBA.
Materials and methods

Plant material, culture conditions and rooting procedure
We used Fraxinus angustifolia shoots obtained by in vitro germination of seeds collected from a selected tree in the autumn 1996 and stored at 4 ± 2°C. The proliferating shoot clusters were subcultured every month on DKW medium (Driver and Kuniyuki 1984) (half strength for macro elements) supplemented with 8.88 µM benzylaminopurine (BAP) and 0.53 µM naphthalene acetic acid (NAA). All media contained 0.3% (w/v) Duchefa gelrite and 2% (w/v) sucrose. The pH was adjusted to 5.5 with KOH or HCl after dissolving the gelling agent and before autoclaving at 120°C for 20 min. The different lines of shoot cultures, each derived from a seedling, were mixed during the course of 2 years of subcultures and so contributed randomly to the bulked population used in the present study. Five shoots per vessel were used for both the shoot proliferation and rooting phases. All cultures were raised on 25 ml of medium dispensed in 175 ml "Baby Food Jars" (Magenta/Bioreliance Corp., Rockville, MD) and incubated at 23 ± 2°C. A 16-h photoperiod was provided by 80-W, cool-white fluorescent lamps supplying 2.5 W m -2 of photosynthetically active radiation.
Shoots 30-40 mm long with 4-6 leaves were isolated and used for the rooting experiments. The root induction phase consisted of culturing the shoots for 5 days in darkness on half-strength DKW medium in the presence or absence of 20.7 µM IBA (IBA-treated and untreated shoots, respectively). The root expression phase consisted of transferring the shoots that had been subjected to a root induction phase to a vermiculite:WPM medium (Lloyd and McCown 1980) mixture without auxin in the light (Jay-Allemand et al. 1992 ) for 15 or 20 days. Three replicates per treatment, each consisting of 25 or 20 shoots (4-5 vessels, 60-75 shoots per treatment) were arranged in a completely randomized experimental design. At the end of the rooting period, rooting percentage, the number of roots per shoot and their length were recorded. For biochemical analyses, the lower third of each shoot was sampled daily during the first 5 days and at 5-day intervals thereafter.
Treatments with polyamines and inhibitors of their metabolism
Putrescine, spermidine and spermine at a concentration of 1.0 mM were applied either during root induction (5 days in darkness) or throughout the rooting process (20 days). The following inhibitors: 1.0 mM cyclohexylamine (CHA), which inhibits spermidine synthase, 1.0 mM aminoguanidine (AG), which inhibits diamine oxidase and 0.5 mM difluoromethylornithine (DFMO) + 0.5 mM difluoromethylarginine (DFMA), which prevent putrescine formation by inhibiting arginine and ornithine-decarboxylase activity, respectively, were also applied either during root induction or throughout the rooting process. Polyamines and inhibitors were sterilized by filtration (0.22 µm pore size) before being added to autoclaved medium.
The biochemical analyses were restricted to a comparison of IBA-treated shoots that had been exposed to an inhibitor during both the root induction and root expression phases with IBA-untreated shoots that had been exposed to inhibitor during the root induction phase only.
Extraction and determination of auxins
Fresh plant material (300 mg) was homogenized in liquid nitrogen and extracted with 5 ml of 5 mM phosphate buffer (pH 6.5) containing [1-
3 H]indole-3-acetic acid as an internal standard and butylated hydroxytoluene (BHT) as antioxidant. After 1 h in darkness, the sample was centrifuged (10 min at 14,000 g at 4°C), the supernatant was separated from the pellet and the pellet washed with 5 ml of buffer and re-centrifuged. The two supernatants were combined and passed through a Chroma Bond C18 column activated and conditioned to pH 6.5. The eluate was acidified to pH 2.5 with 2.8 M phosphoric acid and passed through a second column activated and conditioned to pH 2.5. The column was washed with 2 ml of distilled water and 2 ml of acidic ethanol (ethanol:glacial acetic acid:water, 20:2:78 v/v). The 4 ml of washings was applied to a third column (pH 2.5). The auxins were eluted from the second and third columns with 100 µl of methanol (100%) and 500 µl of methanol (80%) and combined. A 100-µl aliquot of methanolic extract was injected into a fully automated Merck-Hiitachi HPLC system. The HPLC column was a Lichrosphere 100-RP 18 (Merck KGaA, Darmstadt, Germany), 12.5 cm long × 4 mm internal diameter; particle size was 5 µm, column temperature was 30°C, flow was 1 ml min -1 and the composition of the mobile phase was acetonitrile:glacial acetic acid:water (25:2:73, v/v). The eluate was monitored with a fluorescence detector at 292 nm for excitation and 360 nm for emission. Quantification was performed by comparison with a calibration curve obtained by injecting increasing concentrations of external standard.
Extraction and determination of polyamines
Extraction, separation, identification and measurement of free polyamines were performed by direct dansylation and HPLC analysis as described by Walter and Geuns (1987) . Briefly, 150 mg of frozen plant material stored at -80°C was homogenized in 1 ml of 4% HClO 4 containing 1,7 diaminoheptaneHCl as internal standard. After 1 h in darkness at 4°C, the samples were centrifuged (10 min at 11,000 g). One hundred µl of 1 M carbonate buffer (pH 11) and 100 µl of dansyl chloride solution (7 mg ml -1 acetone) were added to 50 µl of supernatant. After heating for 1 h at 60°C, the dansylated polyamines were extracted with 600 µl of toluene. The extract was purified by passage through a 0.05-g silica gel column and washed with 250 µl of toluene and 250 µl of 10:0.3 toluene:triethylamine. The dansylated polyamines were eluted with 2 × 200 µl of ethyl acetate and the volume reduced under vacuum. The HPLC analysis was performed with a programmed acetonitrile:water solvent gradient, changing from 58 to 91% over 8 min and from 91 to 58% over the following 7 min. Solvent flow was 1 ml min -1 . The eluate was monitored with a fluorescence detector at 340 nm for excitation and 510 nm for emission. Dansylated putrescine, spermidine and spermine were injected as references.
Determination of peroxidase activity
One hundred and fifty mg (fresh weight) of plant material stored at -80°C was ground in 2 ml of 0.06 M phosphate buffer (pH 6.1) and centrifuged for 10 min at 11,000 g at 4°C.
The supernatant was used as the crude enzyme extract. Peroxidase assays were performed as described by Moncousin and Gaspar (1983) . Activity was expressed in µg equivalent horseradish peroxidase per mg protein. Protein concentration was determined by the Coomassie blue method (Spector 1978) with bovine serum albumin as standard.
Statistical analysis
All rooting percentages, numbers of roots per shoot and root lengths were subjected to analysis of variance with the Sigmastat software (SPSS Science, Chicago, IL); the difference in the mean values was evaluated with the Student-NewmanKeuls method. To normalize the data, percentages were converted to radians by an arcsin (Y) 1/2 transformation (Gomez and Gomez 1976) .
Results
Effects of polyamines and their inhibitors on rooting of shoots in the absence of IBA
In the absence of hormonal treatment, 76% of Fraxinus angustifolia shoots rooted with a mean of 2.0 roots per shoot. The IBA treatment did not produce a statistically significant increase in rooting percentage or root number (Table 1) .
Putrescine, spermidine, CHA and AG showed similar effects on root formation, increasing rooting percentage up to 100% (98.66% for AG) when applied to IBA-untreated shoots during the root-induction phase, otherwise they were inhibitory (Table 1) . That is, rooting was inhibited when IBA was applied together with putrescine, spermidine, CHA or AG. Application of AG during both the root induction and root expression phases markedly affected root length, independently of auxin treatment (Table 1) .
Irrespective of the duration of application, spermine and DFMO + DFMA decreased rooting percentage in both the presence and absence of IBA. The presence of DFMO + DFMA during both the root induction and root expression phases also affected root length (Table 1) .
Changes in endogenous auxins, polyamines and peroxidase activity during the rooting process
Only IAA and indole-3-acetylaspartic acid (IAAsp) were found in IBA-untreated shoots ( Figures 1A and 1B) . Although IBA accumulated in IBA-treated shoots, IBA was not detected in untreated shoots ( Figure 1C ). Indole-acetic acid concentration exhibited a temporary peak on Day 3, and it was higher in IBA-treated shoots than in untreated shoots (Figure 1) Figure 1B ). Exogenous application of IBA increased the total amount of endogenous IAA and IAAsp but did not affect the temporal pattern of changes during the rooting process. The concentration of IAAsp remained higher in IBA-treated shoots than in untreated shoots during the root expression phase. Peroxidase activity decreased between Days 3 and 5 and then increased during the root expression phase ( Figure 1D ). The decrease in peroxidase activity did not correspond exactly in time with the peak in IAA concentration (cf. Figures 1A and 1D ). The time course of changes in polyamines showed transient increases in putrescine, spermidine and spermine that paralleled the transient increase in IAA in both IBA-treated and untreated shoots (Figure 2 ). Spermine concentration increased in response to IBA treatment ( Figure 2C ). Low concentrations of all polyamines were present during the root expression phase in both IBA-treated shoots and untreated shoots.
Effects of polyamine inhibitors on endogenous changes in auxin, polyamines and peroxidase activity
When AG was applied to IBA-untreated shoots (98.66% rooting) during the root induction phase, all of the physiological changes considered to be positively associated with rooting were detected. Thus, IAA and putrescine concentrations peaked during the root induction phase and high peroxidase activity and low concentrations of polyamines were observed during the root expression phase (Figure 3) . In contrast, when AG was applied to IBA-treated shoots (44% rooting) during both the root induction and root expression phases, although IAA and putrescine concentrations increased during the root induction phase, high concentrations of polyamines, especially of spermine, and low amounts of peroxidase activity were detected during the root expression phase.
Endogenous changes induced by application of DFMO + DFMA exhibited high variability, probably because only 50% of the shoots rooted. Despite the high variability, it was observed that the DFMO + DFMA treatment resulted in the absence of IAA and putrescine peaks in untreated shoots during the root induction phase and in the presence of low concentrations of putrescine and IAA in IBA-treated shoots (Figure 4) . Application of CHA (100% rooting) during the root induction phase had no effect on the pattern of endogenous changes. Thus, IAA and putrescine concentrations peaked during the root induction phase and high peroxidase activity and low concentrations of polyamine were found during the root expression phase ( Figure 5 ). By contrast, application of CHA to IBA-treated shoots (60% rooting) during both the root induction and root expression phases resulted in a constant increase in putrescine concentration during the root induction phase and the concentration remained high throughout the root expression phase ( Figure 5A ).
Discussion
Effects of polyamines and their inhibitors on rooting in the presence and absence of IBA
Our results indirectly support the concept that the rooting process comprises a series of successive phases each with different requirements (Berthon et al. 1990 ). For instance, putrescine and spermidine and the inhibitors AG and CHA stimulated rooting when applied during the root induction phase, but inhibited rooting when applied during the root expression phase. The data indicate that some polyamines have a beneficial effect on rooting if applied during the root induction phase (cf. Hausman et al. 1994 , 1995a , 1995b ).
The antagonistic effects of IBA in combination with putrescine or spermidine on rooting (Table 1) have rarely been reported, although a study on walnut provides partial confirmation . By contrast, spermine is reported to inhibit rooting in many plants, including cherry (Prunus avium L.) (Biondi et al. 1990) , walnut (Juglans regia L.) ) and poplar (Populus tremula L. × P. tremuloides L.) .
The results obtained with CHA can be explained on the basis that the inhibitor promotes the accumulation of putrescine, which had a beneficial action on rooting of IBA-untreated shoots when applied during the root induction phase. Our findings with CHA are generally in agreement with those reported by Hausman et al. (1994) and Kevers et al. (1997) in poplar and walnut, respectively, although we noticed a decrease in rooting percentage when CHA was applied to IBA-treated shoots.
Aminoguanidine (AG), an inhibitor of diamine oxidase, normally inhibits the degradation of putrescine to GABA and the consequent production of the by-products hydrogen peroxide and aldehyde ammonia. This pathway has been shown to be essential for rooting; GABA is able to induce rooting ) and DAO activity is involved in lignifi-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com cation and formation of the root vascular system (Moller and McPherson 1998) . Although inhibition of the catabolism of putrescine can readily account for the inhibitory effect of AG on root development, the promotive effect of AG on the rooting process cannot be accounted for in this way. An alternative explanation is that AG causes an accumulation of spermidine that is converted to GABA through a polyamine oxidase (PAO). The activity of PAO is as essential as that of DAO for root vascularization (Aribaud et al. 1999) . The finding that the DFMO + DFMA treatment affected both rooting percentage and root length supports the involvement of polyamines in the root expression phase as well as the root induction phase. Martin-Tanguy et al. (1997) showed that inhibition of ODC and ADC activities inhibits root formation. Faivre-Rampant et al. (2000) showed that increases in the activities of ODC and ADC paralleled the increase in concentrations of free polyamines during root induction phase.
Time course of changes in endogenous auxins, polyamines and peroxidase activity during the rooting process
A transient increase in free IAA concentration in cuttings subjected to favorable rooting conditions has been causally related to root formation (Blakesley et al. 1985a , 1985b , Moncousin et al. 1988 , 1989 , Hausman 1993 , 1995a , Heloir et al. 1996 . It has also been taken to represent the main physiological characteristic of the root induction phase . A novel finding of our study is that the transient increase in free auxin concentration also occurred in IBA-untreated rooting shoots, thus providing further evidence that it is specifically associated with rooting and is not a simple response to the application of exogenous auxin. However, the application of exogenous IBA affected the concentration of endogenous IAA. Although exogenous IBA may have enhanced IAA biosynthesis, it is more likely that the exogenous IBA was directly converted to IAA (cf. Epstein and Lavee 1984 , Nordstrom et al. 1991 , Epstein and Ludwig-Muller 1993 . Part of the transient peak of IAA might also be a result of the conversion of IAAsp to IAA (cf. Figures 1A  and 1B ) (Bandurski et al. 1995) , although variation in IAAsp concentration during the root induction phase is reported to vary with species (Moncousin et al. 1988 , Heloir et al. 1996 , Gatineau et al. 1997 .
A decrease in peroxidase activity has been observed in some plant tissues during the root induction phase , Hausman et al. 1995b ). In our study, the decrease in peroxidase activity did not correspond exactly with the tran- sient peak in IAA concentration (cf. Ripetti et al. 1994 ). We observed a peak in the concentration of putrescine during the root induction phase. Similar findings have been reported for other plant materials (Biondi et al. 1990 , Heloir et al. 1996 as well as during the induction phase of other organogenetic processes (Bernier et al. 1993 , Aribaud et al. 1999 ). The accumulation of putrescine has often been interpreted as a response to the application of exogenous auxin, on the assumption that auxins stimulate polyamine biosynthesis (Kyryakidis 1983). However, our study indicates that putrescine accumulation is independent of the application of exogenous IBA, but confirms a close relationship between the endogenous increases in free auxin and putrescine during the early stages of rooting (cf. Gaspar et al. 1997) .
Effects of polyamine inhibitors on endogenous changes in auxins, polyamines and peroxidase activity
The finding that application of AG during both the root induction and root expression phases inhibited rooting (44% rooting) and resulted in increased concentrations of endogenous polyamines and decreased peroxidase activity during the root expression phase provides evidence for the hypothesis that putrescine catabolism plays a role in root expression. Although we observed an inverse relationship between peroxidase activity and catabolism of putrescine during the root expression phase, we were unable to elucidate the link between these two factors. The link element might be H 2 O 2 (Hausman et al. 1995b) , because H 2 O 2 , which is a by-product of putrescine catabolism, functions as a plant signal molecule as well as a substrate for peroxidase (Mehdy 1994) . Thus, although the absolute concentration of putrescine seems to be important in the initial phase of rooting, its catabolism might be essential for root development by supplying H 2 O 2 (Moller and McPherson 1998, Neves et al. 1998) .
The simultaneous application of CHA and IBA, at least at the concentrations tested, interfered with the shoot's ability to modulate putrescine accumulation, causing a constant and non-transient increase in putrescine concentration during the root induction phase that negatively affected rooting (60% rooting). Based on the finding that the DFMO + DFMA treatment resulted in the absence of auxin and putrescine peaks in untreated shoots and reduced concentrations of auxin and putrescine in IBA-treated shoots, we suggest that inhibition of TREE PHYSIOLOGY ONLINE at http://heronpublishing.com polyamine biosynthesis directly or indirectly affected auxin metabolism.
In conclusion, the peak in concentrations of free IAA and putrescine during the root induction phase and the high peroxidase activity and low concentration of polyamines during the root expression phase are characteristics of the rooting process in Fraxinus angustifolia shoots. Our findings confirm those obtained with different plant model systems; however, the use of an auxin-independent model system enabled us to distinguish the events that were associated specifically with the rooting process from the events associated with specific responses to exogenous auxin application. Nevertheless, many questions remain unanswered. For example, we did not identify the preferential metabolic mechanisms (i.e., conjugation, oxidation, conversion) used to regulate the concentrations of polyamines during the different rooting stages or the effect of exogenous auxin supply on these mechanisms. Also, the roles of the by-products of polyamine catabolism (i.e., GABA, H 2 O 2 ) during the induction and expression phases remain unknown. However, our study supports the recent suggestion that metabolism of growth regulators and their by-products are more important in some development processes than their absolute concentrations , Oetiker and Aeschbacher 1997 , Aribaud et al. 1999 .
